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Introduction
One of the first medical devices we encounter when we visit a hospital care unit is the patient monitoring (PM) system. Doctors and nurses are informed about the vital signs of patients by the PM so they can provide timely and appropriate treatment. The four most important vital signs are the pulse rate, oxygen level, body temperature, and electrocardiogram (ECG) activity [1, 2] , which are provided by most PMs in the market. The measurement of vital signs should involve minimal intervention by the patient while providing accurate and stable data at the same time [3] . The PM also needs to detect emergencies and inform medical personnel when they occur.
Conventional PMs monitor the vital signs constantly but they are not provided to the medical personnel in real-time. This can be a serious problem during emergencies because the patient's life may be in danger if immediate attention is not provided. Another problem with conventional PMs is that most are bulky standalone machines. Some models are connected to networks but they are usually hard-wired. If small PMs could be connected to a network wirelessly, patients would be able to move around freely while their vital signs are monitored. Thus, medical personnel could be informed about a patient's critical condition regardless of their whereabouts and they could be treated promptly if an emergency occurs. Furthermore, portable devices can be integrated into the u-Healthcare environment and used to develop novel applications [4, 5] .
Thus, we developed a portable embedded device that can monitor the condition of patients in real time and provide various biomedical signals via wireless communication so that the vital signs may be monitored remotely. We call our device a Wireless Patient Monitoring System (WIPAMS). This type of PM allows the patient to move freely while their biomedical signals are measured continuously. The data are delivered to medical personnel in real time so appropriate actions can be taken if necessary.
The physical dimensions of WIPAMS are small and we ported an embedded operating system (Android OS) [6] into the module. A pulse oximeter, thermometer, and ECG reader are integrated into the system via serial communication ports. The monitoring and communication modules are implemented on the OS using threads, which facilitates stable and timely responses to external events and the appropriate sharing of resources. Using the custom-programmed graphical display of the monitoring data, we verified that the multitasking implementation of our system was suitable for the PM and various other u-Healthcare applications.
This paper is organized as follows. In Section 1, we provide the rationale behind the development of WIPAMS. In Section 2, we briefly explain the theories involved with measuring biomedical signals. We also describe the hardware and software platforms used to build the system. Section 3 describes the detailed implementation of WIPAMS by focusing on its software implementation. In Section 4, we describe the development of a WIPAMS prototype and discuss its application performance. Section 5 discusses future improvements to WIPAMS and concludes this paper.
Background Information Related to the Development of WIPAMS
WIPAMS is a PM system that collects vital biomedical signs from patients using sensors and presents the information in a form that can be interpreted easily by medical personnel. In this section, we describe the biomedical sensors used for WIPAMS development and discuss the software platform used to process the data acquired by the sensors.
Biomedical sensors
At present, WIPAMS measures four different biomedical signs: blood oxygenation, pulse rate, body temperature, and ECG activity.
Blood oxygenation is a very important factor when evaluating the circulatory and respiratory condition of a patient. Oxygen transported from the lungs to the tissues is carried mostly by the blood plasma. Measurements of arterial blood oxygen in patients are used by the physician to adjust mechanical ventilation. Oxygen can be measured noninvasively using a pulse oximeter, such as the one used by WIPAMS, as shown in Figure 1 (a), which is produced by HyBus [7] . Two LEDs are turned on and off sequentially, and a photo detector on the other side reads the output from the lights after they pass through the finger. Based on the magnitude of the signal output detected by the unit (the magnitudes of the red and infrared light are measured by the photo detector), we can determine the oxygen level carried by the blood plasma. The pulse rates can also be measured using the same unit by checking for periodic changes in the output measured by the detector.
Body temperature is one of the most tightly controlled physiological variables in patients. A high body temperature often indicates infection, whereas a low body temperature may indicate that the patient is in shock. Two types of devices are used to measure the body temperature: thermistors that measure the temperature in the armpit, mouth, or rectum; and non-contact thermometers that measure the temperature in the auditory canal. In our device, we measure the infrared radiation emitted by the device and the radiation reflected from the tympanic membrane. WIPAMS uses a non-contact thermometer produced by HuBDIC [8] , as shown in Figure 1(b) . To obtain the body temperature, WIPAMS users are required to pull the trigger on the device and the updated data are displayed on the remote screen instantly.
An ECG measures and amplifies the small electrical potential produced by the heart. ECG measurements can be used to detect abnormal heartbeats so possible heart malfunctions can be identified. The measurements are acquired using similar electrodes made of the same metal. Two or more similar pairs of biopotential electrodes can be placed near the heart to measure the electrical potential it generates. Figure 1(c) shows the electrode and processing board used by WIPAMS, which was a module developed by PhysioLab [9] . 
. Biosensors used by WIPAMS
Each biomedical sensor is connected to a USB port on WIPAMS and RS232 serial communication is used for data exchange. Each device defines its own data format for the signals they measure. The data formats used by each unit are shown in Section 3.1.
Embedded systems based on operating systems
An embedded system is an electrical unit that provides a specific functionality, which gives control to the machine containing the system. This is the opposite concept to a generalpurpose computer such as PC, which has many roles depending on the program logic it receives. Early stage embedded units performed their logic function using only hardware circuits, but the advent of cheap microcontrollers means that many embedded logics can be programmed and controlled by software [10] .
However, the requirements of embedded systems may be highly complex so a singleprocess execution model on the microcontroller is not sufficient to meet the specifications. In particular, the real-time response to external events might not be integrated well using a single-process model.
Recently, microcontrollers have become more powerful and smaller in size, so OS porting to the embedded system is becoming a popular option. The main advantages of using an OS on the embedded system are that the programmer can use various libraries and utilities, which are provided by the OS. OS support makes programming easier while the execution and processing of applications are more stable. The concurrency features of an OS make the realtime response to external events much easier to program.
The programs used by an OS are generally written in assembly language or C programming languages. However, recent advances in the mobile OS platform allow the writing of embedded programs in Java, which provides greater modularity and richer interfaces for the programmer. The OS used by WIPAMS is the Android OS, which was originally developed by Android Inc. and who later merged with Google. Android is an OS designed for smartphones and tablets, which are other examples of embedded systems. Android is a Linux-based OS that adds an extended application interface layer and a runtime unit to Linux, so Java applications can make use of Linux to run their executables. Figure 2 shows the Android OS architecture. Linux is the bottom layer and the Dalvic Virtual Machine is responsible for the multitasking features of Java. The hardware peripherals of embedded systems are accessed using libraries written in C/C++. The interface between this module and the Java code is achieved by Native Development Kit (NDK) integration. In Section 3, we describe the embedded integration of the WIPAMS software in detail.
Implementation of WIPAMS in the Android OS
WIPAMS comprises three major HW/SW modules, as shown in Figure 3 . The first module comprises the biomedical sensors, which collect data from a patient and relay them to the main logic implemented on the embedded board, using standard serial communication (RS232). The second module is the control logic implemented in the Android OS. The logic monitors the sensor inputs attached to the board and responds to events immediately. Appropriate concurrency control is achieved by the underlying OS. We implemented the monitoring logic of each sensor using Android NDK and Java threads. The data are parsed and biomedical figures are extracted from the messages received. The data formats of each sensor are summarized in Section 3.1. A wireless LAN module is integrated into WIPAMS and the parsed data are sent to the remote machine using this module. The received data are displayed on the graphical terminal of the remote station, which is the third major module in WIPAMS.
In this section, we describe the detailed implementation of the three major modules in WIPAMS.
Figure 3. The three major components of WIPAMS and their roles

Sensing module
As described in Section 2, many sensors can be used to acquire biomedical signals and various theories are involved with their measurements. However, the measurement theories were not the focus of this study. We were more concerned with developing an integrated system that can be used in various IT environments. We selected sensors that provide serial connectivity because this was the main communication channel on the hardware board we used (Odroid-X [11] ). They are connected to the USB port for communication. Their data format was described in the data sheet provided by the manufacturers but a summary is shown in Table 1 . In the WIPAMS implementation, we needed to filter out unstable data acquired by the sensors. This was possible because the data format clearly indicates the starting and ending pattern in the message. The elimination of unreliable data was not a problem because the data acquisition rate was much higher than that of the display unit. 
Control logic
The control logic of WIPAMS is responsible for acquiring sensor data from multiple input ports without causing conflicts or delays. The logic utilizes the tasking features of the underlying OS. Each input device is handled by a designated thread, so that an immediate response to the incoming data is possible.
The serial ports are accessed via a C language routine. The Android NDK allows Java programs to utilize embedded OS interfaces. Thus, we wrote a software module in the C programming language to access the port. This module initiates port access and reads the data via standard Linux I/O system calls. NDK allows this module to be built as a runtime library module, which is available during the application execution. By calling this runtime stub, we can access the underlying hardware devices from Android application programs. The simplified code used to acquire data from the SPO 2 device is shown in Figure 6 . After a byte sequence is received by reading the serial port, biomedical signals are extracted from the sequence. The data is packed into an object and sent to the remote station via wireless communication. Currently, we use the wireless LAN (IEEE802.11) protocol. The object is prepared so the type and value of the data are integrated into an object. The output channel to the remote station is established as a socket, which is provided by the standard Java library.
The socket to the remote station is shared by multiple threads that send out data concurrently so we need to protect the channel from possible race conditions. The socket's write function is thread-safe, not like the C implementation, so we may call the write function freely from several threads without worrying about possible race conditions.
Display module
The data sent from the embedded module are received by the remote site in the form of an object, and the server module extracts the type and value of the biomedical data. The structure of the biomedical data and their transitions are shown in Figure 5 .
To display several types of biomedical data on the monitor screen, we introduced a worker thread for each display because the display rate of each signal was different. Therefore, we used a thread that extracts data from received objects and stores it in a shared data area. Next, each worker thread picks up appropriate data and displays it in its own area at its own pace. Another important feature of this module is that a warning signal appears on the screen and an alarm goes off if a value is outside the normal (predefined) range.
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Developing a prototype WIPAMS
We developed a prototype of WIPAMS. The specification of the embedded board is shown in Table 2 . We ported Android OS onto the board using an image provided by the hardware manufacturer. The module obtained its power supply from an integrated battery we prepared. The casing was crafted using a rapid prototype machine. Figure 6 shows the inner and outer appearance of the WIPAMS prototype. The provision of battery power made it a truly portable device. Figure 7 shows the display of the remote machine. The same display was also available on the portable device. We could connect a LCD display to the device and view the same display as that seen by the remote machine. 
Conclusions
WIPAMS is a patient monitoring system. It collects the vital signs of patients using biomedical sensors and processes them so they can be interpreted easily by medical personnel. Unlike conventional PMs, WIPAMS is small, portable, battery-operated, and based on wireless communication. Thus, our device could be useful in a u-Healthcare environment where the remote monitoring of patients is essential.
We produced a prototype of WIPAMS and its performance was satisfactory compared with conventional systems. Real-time vital signs were displayed smoothly without errors. The immediate transfer of data occurred when the patient pushed a button.
In future developments, we plan to integrate a positioning capability in WIPAMS. Various value-added services may be possible if we can locate a patient who is carrying a WIPAMS. For example, we may identify the whereabouts of a patient who is moving around inside the hospital building. Thus, medical assistance could be provided immediately if there is an emergency.
